Aims/hypothesis Liraglutide can modulate insulin secretion by directly stimulating beta cells or indirectly through weight loss and enhanced insulin sensitivity. Recently, we showed that liraglutide treatment in overweight individuals with prediabetes (impaired fasting glucose and/or impaired glucose tolerance) led to greater weight loss (−7.7% vs −3.9%) and improvement in insulin resistance compared with placebo. The current study evaluates the effects on beta cell function of weight loss augmented by liraglutide compared with weight loss alone. Methods This was a parallel, randomised study conducted in a single academic centre. Both participants and study administrators were blinded to treatment assignment. Individuals who were 40-70 years old, overweight (BMI 27-40 kg/m 2 ) and with prediabetes were randomised (via a computerised system) to receive liraglutide (n =35) or matching placebo (n = 33), and 49 participants were analysed. All were instructed to follow an energy-restricted diet. Primary outcome was insulin secretory function, which was evaluated in response to graded infusions of glucose and day-long mixed meals. −10, 6]) following mixed meals, whereas day-long insulin concentrations did not significantly differ as compared with placebo. In a multivariate regression analysis, weight loss was associated with a decrease in insulin secretion rate and daylong glucose and insulin concentrations in the placebo group (p ≤0.05), but there was no association with weight loss in the liraglutide group. The most common side effect of liraglutide was nausea. Conclusions/interpretation A direct stimulatory effect on beta cell function was the predominant change in liraglutideaugmented weight loss. These changes appear to be independent of weight loss. 
21% [12, 31] vs −4% [−11, 3] ) and pancreatic beta cell sensitivity to intravenous glucose (229% [161, 276] 10, 6] ) following mixed meals, whereas day-long insulin concentrations did not significantly differ as compared with placebo. In a multivariate regression analysis, weight loss was associated with a decrease in insulin secretion rate and daylong glucose and insulin concentrations in the placebo group (p ≤0.05), but there was no association with weight loss in the liraglutide group. The most common side effect of liraglutide was nausea. Conclusions/interpretation A direct stimulatory effect on beta cell function was the predominant change in liraglutideaugmented weight loss. These changes appear to be independent of weight loss. Trial registration ClinicalTrials.gov NCT01784965 Funding The study was funded by the ADA.
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Graded-glucose infusion test GLP-1 Glucagon-like peptide 1 IFG Impaired fasting glucose IGT Impaired glucose tolerance MMTT Mixed-meal tolerance test SSPG Steady-state plasma glucose Introduction Glucagon-like peptide 1 (GLP-1) receptor agonists are currently approved for the treatment of type 2 diabetes. In addition to improving glucose tolerance, this class of drugs enhances satiety and weight loss. As a result, there is growing interest in broadening the target population for these drugs to include individuals with prediabetes (impaired fasting glucose [IFG] and/or impaired glucose tolerance [IGT]) [1] . Modest weight loss is well known to reduce the risk of future diabetes in individuals with prediabetes [2] [3] [4] [5] . Although mechanisms are not completely understood, weight loss leads to improvement in insulin resistance [6] , which can reduce insulin secretory demands [7] , and potentially ameliorate gluco-and lipotoxic effects on pancreatic beta cells [8] . There is also evidence that GLP-1 receptor agonists act directly on pancreatic beta cells to stimulate insulin secretion. For example, similar to native GLP-1, short-term treatment with liraglutide, a GLP-1 derivative, has been shown to increase insulin response to intravenous glucose [9] and increase beta cell sensitivity to oral glucose [10] in patients with type 2 diabetes. Therefore, the effects of GLP-1 receptor agonists on insulin secretory function are not simple; these agents are capable of decreasing insulin secretion secondary to weight loss and enhanced insulin sensitivity, as well as acting directly on the beta cell to increase insulin secretion. In view of the dichotomous effects of GLP-1 receptor agonists on insulin secretory function, it is not clear what the net effect would be when they are given to individuals with prediabetes. We recently showed that overweight/obese individuals randomised to receive liraglutide and an energyrestricted diet lost more weight, and had a greater improvement in insulin sensitivity than a placebo-treated group [11] . Consequently, both the indirect and direct effects of liraglutide on beta cell function should be operative in this situation. The goal of this study was to determine the combined effects of weight loss and liraglutide treatment on beta cell function in individuals with prediabetes and evaluate the relative impact of the indirect effect of weight loss and decreased insulin resistance vs the direct effect of the GLP-1 agonist.
Methods
Participants Individuals were eligible for the study if they were 40-70 years of age, overweight or obese (BMI 27-40 kg/m 2 ) and had prediabetes (fasting glucose 5.6-6.9 mmol/l and/or elevated 2 h glucose 7.8-11.0 mmol/l after a 75 g oral glucose challenge). Participants were otherwise healthy with no known cardiac, liver or kidney disease. Recruitment through online and print advertisements occurred from December 2009 to December 2012. The protocol was approved by the Stanford Institutional Review Board and informed consent was obtained from all participants. The results of studies on the effects of liraglutide treatment on weight and insulin resistance have been published [11] .
Study design This was a double-blind, randomised, placebocontrolled, parallel-group study. Participants were randomised to receive either liraglutide (n =35) or matching placebo (n =33) by block randomisation by sex and BMI (<31 vs ≥31 kg/m 2 ) via a computerised randomisation system. Treatment was given by subcutaneous injection before breakfast and titrated weekly from 0.6 mg to 1.2 mg and then to 1.8 mg. Liraglutide or placebo injections were continued until all end-of-study testing was completed. Study medication was given before the mixedmeal tolerance test (MMTT) and after the insulin suppression test or graded-glucose infusion test (GGIT). Both participants and study administrators (physicians, nurses, dietitian and coordinators) were blinded to treatment assignment.
Weight-loss intervention Study participants attended meetings with a research dietitian weekly for the first 4 weeks and then bimonthly. They were counselled to decrease total energy intake by 2,092 kJ (500 kcal) per day and to continue baseline physical activity. During the last 2 weeks of the study, participants were instructed to maintain their weight for 2 weeks before repeat testing.
Metabolic studies Participants were studied in the Stanford Clinical and Translational Research Unit. They were instructed to fast for 12 h overnight before any testing.
OGTT Diagnosis of prediabetes was confirmed using a standard 75 g OGTT. Individuals with normal glucose tolerance or with diabetes were excluded.
Insulin suppression test An insulin suppression test was conducted to measure peripheral insulin resistance at baseline and after 14 weeks of intervention [12] . After an overnight fast, participants were given a 180 min infusion of octreotide (0.27 μg m −2 min ). Steady-state plasma glucose (SSPG) concentrations were measured during the last 30 min and represented the degree of insulin resistance.
GGIT Pancreatic beta cell function was assessed during graded infusions of intravenous glucose. The glucose infusion rate was started at 1 mg kg −1 min −1 and increased every 40 min up to 8 mg kg −1 min −1 [13, 14] . Blood was drawn for measurement of glucose, insulin, C-peptide and NEFA at baseline and before each rate change. We calculated the AUC for glucose, insulin, C-peptide and NEFA using the trapezoidal method. Plasma C-peptide concentrations were used to derive the insulin secretion rates, as previously described [15] . A doseresponse relationship between glucose and insulin secretion rate was constructed. The change in insulin secretion rate per molar increase in plasma glucose (slope) during the GGIT represented the pancreatic beta cell sensitivity to glucose.
The metabolic clearance rate of insulin was estimated by calculating the ratio of the total production of insulin to the area under the peripheral insulin curve during the GGIT [13] . The metabolic clearance rate of insulin was adjusted for body surface area.
MMTT Day-long glucose, insulin and NEFA concentrations were measured before and at hourly intervals after breakfast (20% of daily energy intake given at 08:00 hours) and lunch (40% of daily energy intake given at 12:00 hours). Each meal was composed of 15% protein, 43% carbohydrate and 42% fat.
Glucose was determined by the oxidase method (Analyzer 2; Beckman, Brea, CA, USA). Insulin and C-peptide concentrations were measured at Washington University (St Louis, MO, USA) using radioimmunoassay (Millipore, St Charles, MO, USA). The inter-and intra-assay coefficient of variation ranged between 4.7% and 9.7% for insulin and between 5.2% and 10.9% for C-peptide. NEFA were measured enzymatically with a NEFA C kit (Wako Chemicals, Richmond, VA, USA).
Statistical analysis
The primary outcomes of the study were change in weight and SSPG concentration; these results have been previously reported [11] . Sample size was based on a 20% difference in SSPG concentration; the rationale has been previously reported [11] . Change in insulin secretion was a planned secondary outcome.
Originally, 68 individuals were randomised; 11 out of 35 individuals (31%) assigned to receive liraglutide dropped out of the study compared with 6 out of 33 (18%) assigned to receive placebo ( p =0.26) (see electronic supplementary material [ESM] Fig. 1 ). Reasons for dropping out and adverse effects have been previously reported [11] . The most common side effect of liraglutide treatment was nausea; two-thirds (67%) of participants receiving liraglutide experienced nausea compared with 26% on placebo ( p =0.005). Two individuals assigned to receive placebo did not have a GGIT at study end. Therefore, the final analyses included 24 individuals who received liraglutide and 25 individuals receiving placebo.
All statistical analyses were conducted using SPSS (version 21 for Windows; SPSS, Chicago, IL, USA). Differences between liraglutide and placebo groups were assessed using an independent t test or χ 2 test. Mean differences within groups were assessed using paired t tests. Regression analyses were performed to understand the relationship between weight loss and changes in pancreatic beta cell function and mealassociated profile in the two groups. The analyses were adjusted for age, sex and ethnicity. Results were not adjusted for multiple comparisons, and p <0.05 was considered to indicate statistical significance.
Results
As seen in Table 1 , individuals randomised to receive liraglutide and placebo had similar baseline characteristics including age (mean 58 years) and BMI (mean 31.9 kg/m 2 ). In addition, the degree of hyperglycaemia was similar with no difference in fasting and 2 h glucose concentrations.
It has reported previously [11] that individuals treated with liraglutide lost approximately double the weight of individuals taking placebo (-7.7% vs −3.9%, p <0.001). Weight loss was associated with significant improvement in insulin resistance in individuals treated with liraglutide as compared with placebo (change in SSPG, −27% vs 2.6%, p <0.001). As seen in ESM Fig. 2 , there was a significant direct association between percentage of weight lost and decrease in SSPG concentration in the entire study population (r =0.36, p =0.01). However, the distribution of weight loss differed between the liraglutide and placebo groups; 88% of individuals on liraglutide lost greater than 5% of baseline weight compared with 22% of those on placebo ( p <0.001). Therefore, there was little overlap in the degree of weight loss between the two groups.
Comparison of the changes in the responses to the GGIT between the two groups are presented in Table 2 and ESM Fig. 3 . Treatment with placebo had no effect on the glucose rise in response to graded increases in intravenous glucose. In contrast, liraglutide treatment significantly attenuated the glucose rise. The insulin response significantly changed in both groups but in opposing directions; the insulin response modestly decreased in the placebo group by 7% whereas it increased in the liraglutide group by 34%. Placebo treatment had no effect on the C-peptide AUC whereas liraglutide treatment significantly increased the C-peptide AUC by 29%. Finally, placebo treatment had no effect on the NEFA AUC whereas liraglutide treatment enhanced the fall in NEFA concentration during the GGIT. Figure 1 illustrates the dose-response relationship between plasma glucose and insulin secretion rate during the GGIT. Although there was no change with placebo treatment (Fig. 1a) , there was a dramatic shift to the left in the doseresponse curve following liraglutide treatment (Fig. 1b) . The slope of the line plotting insulin secretion rate against glucose increased by 229% following liraglutide treatment ( p <0.001) whereas there was no significant change following placebo. Therefore, liraglutide significantly enhanced the glucose sensitivity of pancreatic beta cells. Table 2 also presents the metabolic clearance rate of insulin calculated during the GGIT. Although there was no significant within-group difference in insulin clearance rate in either group, the insulin clearance tended to increase following placebo but decrease following liraglutide treatment, with a statistically significant difference between groups ( p =0.03).
Responses to eating two mixed meals are illustrated in Fig. 2 and summarised in Table 3 . Fasting glucose concentration significantly declined after liraglutide treatment but not after placebo. However, there was no change in fasting plasma insulin concentration in either group. Day-long glucose concentrations also significantly decreased following treatment with liraglutide ( Fig. 2b) but there was no change in those receiving placebo (Fig. 2a) . In contrast to the increase in the insulin response following intravenous glucose, day-long insulin concentrations decreased modestly following liraglutide treatment (Fig. 2d) , with no change seen in the placebo-treated group (Fig. 2c) . However, the difference between the two groups was not significant ( p =0.46; Table 3 ). Finally, daylong NEFA concentrations decreased following liraglutide treatment (Fig. 2f) but they did not change in the placebotreated group.
Regression analyses were performed in an effort to obtain information as to the effect of weight loss, per se, on changes in pancreatic beta cell function and meal-associated profile in the placebo and liraglutide groups individually. As seen in Table 4 , in the placebo group, weight loss was associated with a significant decline in insulin secretion rate during the GGIT and decline in day-long glucose and insulin concentrations during the meal tolerance test. In contrast, weight loss was not associated with any changes in the liraglutide group. Weight loss was not associated with changes in NEFA AUC in either group. Changes in NEFA AUC were also not predicted by changes in insulin resistance (SSPG) or insulin AUC during the MMTT in a regression analysis adjusted for age, sex and ethnicity (data not shown).
Finally, as the study population included different prediabetes subgroups (IFG, IGT and IFG/IGT), we evaluated whether the changes associated with treatment assignment varied with these subgroups. As seen in ESM Table 1 , differences between placebo and liraglutide groups remained regardless of whether individuals had IFG or IFG/IGT (no comparisons were made using data from the individuals with isolated IGT due to small sample size).
Discussion
Very few studies have evaluated the effect of GLP-1 receptor agonists in individuals without diabetes [11, [16] [17] [18] , and we are unaware of any that have evaluated changes in beta cell function after treatment with a GLP-1 derivative in individuals with prediabetes. In our previous work [11] we demonstrated that treatment with liraglutide can augment weight loss and improve insulin resistance in a population of older, overweight individuals with prediabetes. In the current study we have evaluated the combined effects of weight loss and GLP-1 stimulation on pancreatic beta cell function. For reasons to be discussed below, we believe the changes we observed represent primarily a direct stimulatory effect of liraglutide on insulin secretion, rather than being the expected consequences of weight loss and enhanced insulin sensitivity.
One of the benefits of treatment with a GLP-1 receptor agonist is its potential to enhance weight loss. Weight loss is an important treatment goal for patients with prediabetes [19, 20] and has been shown in several clinical trials to decrease risk for future diabetes [2] [3] [4] [5] . Although the mechanisms are not fully understood, weight loss improves insulin resistance [6] and reduces insulin secretory demands [7] . In the current study, despite greater weight loss and improvement in insulin resistance in the liraglutide group, the insulin secretion rate significantly increased (Fig. 1) . In addition, although degree of weight loss significantly predicted fall in insulin secretion rate and day-long insulin concentration in the placebo group, there was no association between weight loss and changes in insulin secretion rate or concentration in the liraglutide group (Table 4) . Thus, the changes following liraglutide treatment are not those that occur following weight loss and enhanced insulin sensitivity, but rather similar to effects seen after acute infusion of GLP-1 [21] . Liraglutide treatment had less dramatic effects on glucose and insulin responses to mixed meals than it did on the responses to the intravenous glucose infusion. The effect of liraglutide treatment on insulin secretion rate is easier to discern following intravenous glucose than mixed meals. During a GGIT, the glucose rate is controlled and continually increases whereas the glucose intake following mixed meals can depend on more than the carbohydrate content of the meal (e.g. macronutrient composition of the meal, rate of glucose absorption from the gut). Therefore, the GGIT is ideally suited to evaluate the relationship between rising glucose concentration and insulin secretion rate (or pancreatic beta cell function). Based on the GGIT results, the modest decrease in day-long insulin concentration following mixed meals seems paradoxical. Although the reasons for this discrepancy are unclear, even treatment with a sulfonylurea compound, a known insulin secretagogue, does not necessary lead to a sustained increase in insulin concentration after glucose ingestion due to a concomitant fall in plasma glucose concentration [22] . Mari and associates observed a decrease in day-long plasma glucose concentrations, without any change in insulin concentrations, following mixed meals in patients with type 2 diabetes treated with liraglutide for 1 week [10] . Using modelling analysis, the authors suggested that these changes reflected an increase in pancreatic beta cell sensitivity to glucose. In the current study, in addition to the decrease in day-long glucose concentrations, the day-long insulin concentrations modestly decreased following liraglutide treatment, although the levels were not different from those in the placebo group. In addition, the study population and study protocol differed with longer duration of liraglutide treatment and a weight-loss intervention. Therefore, it is unclear whether the results following MMTT, as opposed to the GGIT, reflect changes in pancreatic beta cell function.
As the placebo group lost less weight than the liraglutide group, the impact of comparable degrees of weight loss with and without liraglutide remains unclear. We have, however, previously shown similar degree of improvement in insulin resistance following rosiglitazone treatment in an overweight, non-diabetic group with insulin resistance [13] . Using similar metabolic studies as in this study, we showed that treatment with rosiglitazone for 12 weeks decreased SSPG concentration by 27% and reduced day-long glucose response following two mixed meals by 9%. Thus, the improvement in insulin resistance and glucose concentrations were similar to the current results following liraglutide treatment. On the other hand, the resultant changes in insulin metabolism were quite different. For example, rosiglitazone led to a shift to the right of the insulin secretion rate dose-response curve with a fall in insulin secretion rate and an increase in insulin clearance rate. In contrast, as seen in Fig. 1 , liraglutide treatment led to a dramatic left shift in the insulin secretion rate dose-response curve and a decrease in insulin clearance rate. In addition, rosiglitazone treatment led to a 41% decline in day-long insulin response to mixed meals compared with the 8% decrease seen with liraglutide treatment. Although not conclusive, this comparison suggests that the direct GLP-1 action may play a greater role in changing beta cell function after liraglutide treatment than weight loss or improvement in insulin resistance.
Although the opposite changes are seen after weight loss alone or drug-enhanced insulin sensitivity, the effects of liraglutide treatment on pancreatic beta cell function may be beneficial. Individuals with prediabetes, similar to those with type 2 diabetes, are known to have altered pancreatic beta cell glucose sensitivity [23] . As seen in Fig. 1 , treatment with liraglutide may restore beta cell sensitivity towards normal and improve insulin secretory response. Indeed, the mean fasting glucose level in individuals became normal (< 5.6 mmol/l) after liraglutide treatment and integrated day-long glucose concentration in response to mixed meals declined by 8.2%. Although difficult to compare with other studies, the decline in fasting glucose was greater than has been reported during moderate weight loss in the prediabetes population [3, 5] . Ability to normalise glucose, regardless of mechanism, may have an independent effect on decreasing the risk for type 2 diabetes in individuals with prediabetes [24] . Therefore, direct GLP-1 action on beta cells may offer additional benefits to weight loss.
NEFA levels also decreased after liraglutide treatment in response to both intravenous glucose and mixed meals. Although weight loss and improvement in insulin resistance may mediate the decrease, a moderate weight loss of 5-10% generally does not lower day-long NEFA concentrations due to a concomitant decrease in day-long insulin concentrations in response to mixed meals [25, 26] . In support, weight loss was not associated with a decrease in NEFA in either the placebo or the liraglutide group (Table 4) . Previous studies have shown that an acute infusion of GLP-1 [27] , or single injection of exenatide [28] , another GLP-1 receptor agonist, lowers NEFA concentrations following mixed meals. Although the mechanisms involved are not entirely clear, the changes in NEFA concentrations seen after liraglutide treatment are not likely to be due to weight loss or improvement in insulin resistance.
Although we studied a relatively small population, we are unaware of published reports evaluating changes in pancreatic beta cell function and day-long insulin concentrations following liraglutide-augmented weight loss in a prediabetic population. The results clearly demonstrate that liraglutide has direct GLP-1 actions on pancreatic beta cell function and this counterbalances effects seen after weight loss alone. Future studies are needed to determine whether the ability of GLP-1 receptor agonists to directly stimulate insulin secretion in patients with prediabetes will be more, or less, beneficial compared with weight loss alone. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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